Background: Duchenne muscular dystrophy (DMD), a lethal X-linked disease affecting 1 in 3500 male births, and its more benign variant, Becker muscular dystrophy (BMD), are caused by mutations in the dystrophin gene. Because of its large size, analysing the whole gene is impractical. Methods have been developed to detect the commonest mutations i.e. the deletions of the exons. Although these tests are highly specific, their sensitivity is inherently limited by the prevalence of deletions, which differs among different populations. Methods: We reviewed our database for the detection of Dystrophin gene mutation by means of 31-exon multiplex PCR in Thai males, diagnosed clinically and biochemically with DMD or BMD from July 1994 to November 2006. One index patient was chosen from each family for statistical analysis. The overall sensitivity of the test, the number of fragment deleted, and the deletion frequency of each fragment were calculated, along with their 95% confidence intervals (C.I.). Results: We found deletions in 99 out of the 202 index patients (49%; Bayesian 95% C.I. = 42%-56%). 51% of these had deletion in only one of the 31 exons tested, while the patient with the most extensive deletions had 14 exons deleted. The mean number of deleted exons were 2.84 (BCa bootstrap 95% C.I. = 2.37-3.48), or 5.02 (3.81-6.85) if all the untested exons adjacent to the confirmed deleted exons were assumed to be deleted. The region spanning exons 44-52 was the most frequently deleted. These were similar to those reported in the Japanese. Conclusion: The multiplex PCR detected deletions only in about half of the Thai patients. The diseases therefore should not be excluded solely on the negative result if DMD/BMD is strongly suspected.
Introduction
Duchenne muscular dystrophy (DMD; OMIM 310200), the most common lethal X-linked disorder in men, affects approximately 1 in 3500 male births. Both the DMD and its much milder variant, Becker muscular dystrophy (BMD; OMIM 300376), are caused by mu-tations in the dystrophin (DMD) gene. With 79 exons spanning about 2.6 million base pairs, the gene is the largest yet identified in the human genome [17, 27] .
Based on the Southern hybridization with cDNA probes in the caucasians, approximately 50%-70% of the mutations causing DMD have been found to be gross deletions, while about 5% were believed to be duplications, and the remaining were point mutations [4, 11, 16, 21] . These DMD-producing mutations are believed to cause downstream frameshift error. BMD, on the other hand, are believed to be caused by mutations that still maintain the reading frame, result only in reduction of the amount or function of the product, and hence milder phenotype [4] .
Because of the size of the gene and the predominantly deletional nature of the mutations, direct searching for mutations in the dystrophin gene is very expensive. Several techniques have therefore been developed to aid in detecting common mutations more economically. Multiplex polymerase chain reaction (PCR) has the benefit of being minimally invasive, efficient and very specific for the detection of large gene deletions, and has superseded the more laborious Southern blot method since the early '90s [6] . While being recently replaced by more modern techniques such as the Multiple Ligation-dependent Probe Amplification (MLPA) in many laboratories, the Multiplex-PCR still benefits from its requirement of relatively simpler equipments. Using the 19-exons primers combination as described by Chamberlain et al [8, 9] and themselves, Beggs et al reported detection rate of as high as 98% of the DMD/BMD deletions detected by the Southern blot analysis [5] . Nevertheless, since the test detects only the common deletions and will miss the rare deletions, point mutations or duplications [30] , its overall sensitivity in any population will only be as high as the prevalence of large deletions among its DMD/BMD patients. This has been reported to differ among various populations [29] . In Asian populations, using the same 19-exons set, the detection rate could well be substantially lower: 40% in Singaporeans or 32% in Vietnamese. This could reflect the higher proportion of deletions outside of the 'hotspots' [22] or the different nature of the predominant mutations e.g. duplications or point mutations.
Little is known about the prevalence of deletions among the Thai DMD/BMD patients. Since this information is population specific and is necessary in clinical counselling, particularly in the prenatal diagnosis scenario; we conducted this study to assess the sensitivity of the multiplex PCR for DMD/BMD in Thai population, and to ascertain the pattern of deletion and compare this with those from other Southeast Asian population.
Methods

Subjects
Our medical genetic division has offered molecular diagnostic service for Duchenne muscular dystrophy since 1994. We reviewed our laboratory records to identify an index patient from each family with a clinical diagnosis of either DMD or BMD, based on the clinical criteria [29] and serum creatine kinase enzyme level [19] . We excluded subjects with any of the following characteristics: (a) subjects whose clinical features or serum creatine kinase levels were not consistent with DMD or BMD according to the above criteria; (b) subjects whose most likely diagnosis was not DMD/BMD but had their samples sent for "exclusion" purpose; or (c) subjects whose affected family member had already been counted as index case in this study. We identified 202 index subjects using these criteria.
The multiplex PCR
The subjects' genomic DNA was extracted from their EDTA-anticoagulated peripheral blood samples upon receipt using standard phenol-chloroform method, and later used in the multiplex polymerase chain reaction (multiplex PCR). We modified the multiplex PCRs described by Beggs [6] and Curtis and Haggerty [10] to detect deletions in 31 exons and promoter regions (brain-specific promoter (pb), muscle-specific promoter together with exon 1 (pm), exons 2 (part 1), 3-6, 7 (part 1), 8, 12, 13, 16, 17, 19, 20, 32 , 34, 41-53, 60) of the dystrophin gene.
To facilitate the result interpretation, Beggs' diagnostic sets A, B and C were divided to A1, A2, B1, B2, C1, and C2, containing the primers for the following exons: ( We combined these with a selection of primers as described by Curtis and Haggerty as follows: the primers pair for exon 7 (part 1) was added to the diagnostic set C2; the primers for four more exons were divided into two more diagnostic sets, each contained the following exons: (D1): 5, 53; (D2): 2 (part 1), 20.
Eight multiplex PCRs were performed for each subject, using the primer sets described. The PCR conditions were: sets A1-C2, initial denaturation at 95
• C for 2 minutes followed by 35 cycles of denaturation at 95
• C for 1 minutes, annealing at 65
• C for 1 minutes, and extension at 72
• C for 4 minutes, with a final extension for a further 6 minutes at 72
• C; sets D1 and D2, initial denaturation at 94
• C for 5 minutes followed by 35 cycles of denaturation at 94
• C for 1 minutes, annealing at 53
• C for 1 minutes, with a final extension for a further 7 minutes at 72
• C. The PCR products were analysed using standard agarose gel electrophoresis, visualised under an ultraviolet transilluminator.
Data entry and analysis
The test results along with the individual and family identification data was entered into a spreadsheet application. Validation and cleaning was done prior to importation into R 2.4.1 [28] for statistical analysis. After initial data integrity check, we calculated the proportion of the positive results in each subgroups (DMD/BMD) as well as in all patients with its equaltailed Bayesian 95% confidence interval (C.I.), using the uninformative Jeffreys prior [7] . For the percentage of the patients who had each particular fragment deleted, the confidence intervals were calculated using the Agresti-Coull method [1] . The bias-corrected and accelerated (BC a ) bootstrap method [12] was used for the estimation of the average number of exons deleted and its confidence interval.
Results
Of the 202 index patients identified, 199 had been diagnosed with DMD and the remaining 3 patients with BMD. We detected deletions in 99 of the 202 index patients (49%; Jeffreys prior 95% C.I. = 42%-56%) as shown in Table 1 (see also the bottom plot of Fig. 1 ). For comparison, we would have detected deletions in 91 patients (45%; 95% C.I. = 38%-52%) had we used the 19-exons PCR as in the previously mentioned studies [5, 8, 9, 22] . Fifty of the 99 patients with detectable deletions had deletion in only one of the 31 tested exons. Among those whose deletions could be detected, the mean size of dystrophin deletion ranged from 2.84 exons (BC a bootstrap 95% C.I. = 2.37-3.48), assuming no further deletion in the untested area, to 5.02 exons (3.81-6.85) assuming that all the untested exons adjacent to any deleted exon were also deleted. The patient with longest deletion lost 14 of the tested exons. This could be as extensive as 38 exons if we were to assume deletion in the untested exons adjacent to the confirmed deletion.
The proportion of patients who have deletion involving each exon is shown in Fig. 2 . The region spanning exons 44-52 was where the deletions occurred most frequently, followed by exons 8-19 and 3-6. The extent of deletions in each patient is shown in Fig. 3 . The deletions in the distal hot spot (exons 44-52) accounted for approximately 59% of the deletions, while the deletions in the proximal hot spot (exons 3-19) accounted for about 30%.
Three of the DMD patients whose tests were negative had the Southern blot done, and were found to have a mutation in exon 42, 49, and 51, respectively.
Discussion
Partial deletions were detected in approximately 49% of our cases (95% C.I. 42%-56%), or 45% (38%-52%) if the original Chamberlain and Beggs 19-exon primer subset had been used. Compared with other populations in this region, the detection rate in our study is comparable to the reported rate in the Japanese [22] . It was slightly higher than those in Singaporean and Vietnamese [22] and lower than that in the Chinese [31] or Indians [2, 3, 24, 29] . Compared with the previous studies using similar methods in other unrelated populations, our detection rate was similar to that reported in the Czechs [18] , slightly lower than those reported in other Caucasians [6, 26] and the Egyptians [13] , and much lower than that in the Brazilians [15] (Fig. 1) .
The discrepancy could be due to many factors. Firstly, the numbers of the tested exons varied among the studies. There could also be subtle variation in the methods used among the laboratories, which may affect the diagnostic yields. Of note, one study [15] actually used the non-multiplex version of the test, and could possibly have less interference. All studies used clinical and serum creatine kinase criteria, but some also required positive muscle biopsy. Since our study did not require muscle biopsy for inclusion, the sensitivity could be negatively biased as will be discussed below. Finally, but perhaps more importantly, it may reflect the different prevalence for large deletions or different deletional pattern in different populations as has previously been demonstrated [29] .
In our own population, two small studies using subsets of these primers previously reported the detection rate of 54% (7 out of 13 unrelated cases, covering the 10 exons described by Beggs et al. [5] ; 95% Bayesian interval 29%-78%) [20] and 56% (5 out of 9 cases, using the 9-exon set described by Chamberlain et al. [9] ; 95% C.I. 26%-83%) [25] . Since one of these required positive muscle biopsy, and most of the subjects in the other had positive muscle biopsy, we believe the sensitivity of the 31-exon multiplex-PCR in Thai patients in whom the DMD or BMD is suspected is approximately 50%.
Our estimation of the sensitivity is likely to be conservative because muscle biopsy was not done or not available in some of the included patients. It is therefore possible that some of these patients may in fact not be affected from DMD/BMD, thus negatively biased the estimated sensitivity. Naturally, our estimated sensitivity will be less than those from the studies where muscle biopsy was mandatory. However, as there is Numbers in brackets are the Jeffreys prior Bayesian estimates of the percentages and the 95% confidence intervals.
Sensitivity (%)
This study, n=202
Thailand (Kamolsilp et al. [20] ), n=13
Thailand (Mutirangura et al. [25] ), n=9
Vietnam (Lai et al. [22] ), n=34
Japan (Lai et al. [22] ), n=86
Singapore (Lai et al. [22] ), n=105
China (Yuge et al. [31] ), n=138
North India (Singh et al. [29] ), n=121
South India (Mallikarjuna et al. [24] ), n=66
East India (Basak et al. [3] ), n=70
Egypt (Effat et al. [13] ), n=100
Czech (Hrdlicka et al. [18] ), n=115
Brazil ( a preference to avoid the muscle biopsy in favour of the less invasive molecular genetic methods [15] , we believe our estimated detection rate to be similar to that seen in current practice.
In an ideal situation, the estimated sensivity will be equal to the prevalence of deletion in the population. However, our inference of the prevalence of deletions among the DMD/BMD patients could be negatively biased by the fact that we have tested for just 31 out of the total of 79 exons. Nevertheless, the effect is likely to be small since previous studies that directly compared the multiplex PCR to other methods in the same subjects have shown that the multiplex PCR covering the two hotspots could detect more than 95% of the deletions detected by the whole gene cDNA probes [5, 29, 31] or MLPA [23] . Additionally, the detection rates of the , and 18 were not tested for, although it is likely that these are also involved which will make this a single contiguous deletion spanning from at least exon 12 to 19. The beginning of the deletion could not be exactly determined since exons 9-11 were not tested for; it could therefore be anywhere from exon 9 to 12. On the contrary, the last exon deleted was definitely exon 19 since exon 20 was presented in the multiplex-PCR reaction.
deletion from studies using multiplex PCR have also been shown to be similar to those from studies using cDNA probes in the same populations [2] . Assuming similar pattern of deletions to other populations, we believe the prevalence of large deletions among Thai patients diagnosed with DMD/BMD on the clinical and biochemical grounds to be in the range of 50%-60%. It is apparent from Fig. 2 that deletions among different exons occurred with unequal frequencies. This inequality has previously been reported. Deletions in the dystrophin gene occur mostly in two high-frequency deletion regions: the distal (or central) hot spot, located centrally about 1200 kb from exon 1 and encompassing exons 44-53, is responsible for about two-third of the deletions; and the proximal hot spot which extends from exon 1 to 19 is responsible for a third [4, 5, 14, 21, 22] . This was thought to be due to the varying size of the introns, and the presence of local recombination hot spots [16] . The pattern of deletions found in our study is similar to those previously reported, particularly the Japanese population [22] .
Another method, the Multiplex Ligation-dependent Probe Amplification (MLPA), have been developed over the past few years, and is very likely replace the multiplex PCR as a method of choice for the detection of dystrophin mutations due to its superior sensitivity. However, despite its superiority, the test will detect just the deletions and duplications but not the point mutations unless occur at the hybridisation site. Given the relatively low prevalence of large deletion in this region as demonstrated in the previous [22] and this study, we suspect that the sensitivity of the MLPA for the detection of dystrophin mutation in the Southeast Asian population, although will definitely be better, may not be very high: probably in the range of 55%-65% based on the above estimation of the deletional frequency and the estimated duplication frequency of 5% from other populations. In the mean time, users of the multiplex PCR results should keep in mind that the test will give a false-negative rate of about 50%. As with any other tests, the result of multiplex PCR should always be used in conjunction with the prior probability, based on good clinical history and examinations, and confirmed by alternative test when necessary.
